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ABSTRACT 

Ion  implantation  coupled  with  annealing  is  a versatile  and  flexible  approach  to  creating 
ferromagnetic  near-surface  nanocomposites  that  represent  a wide  range  of  particle/host 
combinations.  We  have  used  ion  implantation  and  thermal  processing  to  create  a layer  of  Co 
nanoparticles  in  a sapphire  host  that  was  subsequently  irradiated  with  Xe,  Pt,  or  Pb  in  order  to 
systematically  modify  the  magnetic  properties  of  the  composite.  Transmission  electron 
microscopy  (reported  in  an  accompanying  paper  in  this  volume)  was  used  to  carry  out  a detailed 
characterization  of  the  microstructure  of  the  resulting  near-surface  composites  whose  magnetic 
properties  were  determined  using  SQUID  magnetometry  or  magnetic  circular  dichroism.  These 
composites  exhibit  magnetic  hysteresis  with  coercivities  ranging  from  near  zero  (i.e., 
superparamagnetism)  up  to  1.2  kG  - depending  on  the  composition  and  microstructure.  We  also 
present  the  results  of  preliminary  experiments  in  which  we  attempt  to  control  the  spatial 
distribution  of  magnetic  elements  within  ion-implanted  ferromagnetic  nanocomposites.  The 
results  demonstrate  methods  for  tailoring  the  magnetic  properties  of  nanocomposites  produced 
by  ion  implantation  for  specific  applications. 

INTRODUCTION 

Ion  implantation  was  first  used  to  create  embedded  magnetic  nanoclusters  over  a decade 
ago  [e.g.,  see  Ref.  1].  By  injecting  varying  concentrations  of  Fe,  Co,  or  Ni  into  dielectric  hosts 
such  as  crystalline  AI2O3  and  fused  Si02,  relatively  soft  magnetic  composites  were  created  with 
low  coercivities  and  a magnetic  moment  per  atom  similar  to  that  of  bulk  magnetic  material. 
Room-temperature  superparamagnetism  is  often  reported,  due  to  particle  sizes  well  below  that 
needed  to  prevent  random  thermal  reorientation  of  the  particle  magnetization.  Blocking 
temperatures  have  been  calculated  from  the  precipitate  sizes  and  anisotropy  constants,  and  seem 
to  agree  reasonably  well  with  experimentally  observed  blocking  temperatures  obtained  from 
field-cooled  and  zero-field-cooled  measurements  of  the  magnetization.  Nevertheless,  a range  of 
particle  sizes  is  often  reported,  and  the  thermal  blocking  temperature  is  accordingly  distributed 
over  a range  of  temperatures.  Furthermore,  the  effects  of  the  dielectric  host  material  on  the 
magnetic  properties  of  the  composite  are  only  rarely  investigated  or  reported. 

In  previous  ion  implantation  work,  single-element  nanoparticles  (and  in  some  cases, 
oxide  particles)  of  Fe,  Ni,  or  Co  have  been  produced  in  either  SiCE  glass  or  crystalline  sapphire 
wafers  [1],  More  recently,  additional  motivation  for  research  in  this  area  has  been  provided  by 
the  potential  for  creating  new  materials  with  possible  applications  as  magnetic  recording  media. 
Single-nanocrystal-per-bit  data  recording  would  represent  an  important  advance  in  the 
information  storage  capacity  of  such  media  [2],  Nevertheless,  several  quite  stringent 
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requirements  must  be  met  in  order  to  achieve  device-quality  performance.  For  single-particle  bits 
to  be  written  individually,  the  precipitates  must  be  discrete,  magnetically  isolated,  ferromagnetic 
nanoparticles  that  are  larger  than  the  superparamagnetic  limit  and  whose  cocrcivity,  size, 
orientation,  and  position  can  be  controlled.  Ferromagnetic  nanoclusters  produced  by  ion 
implantation  can  be  formed  as  single  domain  particles  that  arc  larger  than  the  superparamagnetic 
limit.  The  crystallographic  orientation  (and  therefore,  the  magnetic  anisotropy  directions)  can 
also  be  controlled  by  using  single-crystal  hosts  [3,4  ].  However,  the  question  of  magnetic 
isolation  is  still  problematic  [5],  size  distributions  are  relatively  wide,  and  there  has  been  no 
effective  in-planc  control  over  the  spatial  distribution  of  the  magnetic  nanoclusters. 

Here,  we  describe  recent  progress  in  exercising  additional  control  over  the  magnetic 
properties  of  ferromagnetic  nanocluster  composites,  and  we  discuss  our  initial  attempts  to  control 
the  in-plane  spatial  distribution  of  the  magnetic  nanoclusters.  The  present  investigations  focus  on 
the  magnetic  characteristics  of  Co  nanoclusters  fomied  by  ion  implantation  and  annealing  of  a 
single-crystal  sapphire  wafer,  and  we  explore  the  magnetic  properties  of  AbOj-Co 
nanocomposites  irradiated  with  either  Xe,  Pt,  or  Pb  ions.  Ion  irradiation  of  pre-existing 
nanoclustcrs  dramatically  modifies  the  magnetic  characteristics  [3]  and  establishes  a means  for 
tailoring  the  materials  properties.  Finally,  we  report  on  the  initial  results  of  micron-  and  sub- 
micron-scale ion-beam  patterning  using  ion  implantation. 

EXPERIMENTAL 

In  the  ion  implantation  technique,  high-energy  ions  arc  injected  into  a selected  host 
material,  producing  a supersaturation  of  implanted  material  in  the  near-surface  region.  During  a 
subsequent  thermal  processing  step,  the  implanted  material  nucleates  as  discrete  nanoscale 
precipitates  embedded  below  the  surface  of  the  host.  In  our  experiments,  high-purity  single- 
crystal  sapphire  wafers  were  implanted  at  room  temperature  with  140  keV  Co+  to  an  ion  flucnce 
of  8 x 1 0 r<>  ions/cm2.  In  order  to  induce  precipitate  formation,  the  specimens  were  subsequently 
annealed  in  a quartz  tube  furnace  for  2 hours  at  1 100  °C  under  Ar+4%  IT  atmosphere.  The 
specimens  were  retracted  out  of  the  hot-zone  in  order  to  cool  rapidly  to  room  temperature.  X-ray 
and  electron  diffraction  measurements  were  used  to  determine  the  structure  and  orientation  of  the 
resulting  precipitates.  In  order  to  investigate  the  effects  of  ion 
irradiation  on  the  Co  nanoparticles,  the  specimens  were 
subsequently  irradiated  with  either  244  keV  Xe  or  320  keV  Pt 
ions.  These  ions  were  chosen  to  create  maximum  displacement 
damage  in  the  Co-nanoparticlc  layer,  while  cither  minimizing 
(Xe)  or  intentionally  inducing  (Pt)  chemical  effects  due  to  the 
implanted  impurities.  Ion  energies  were  selected  to  give  a 
similar  projected  range  for  both  species.  Magnetic 
measurements  were  done  using  a SQUID  magnetometer  or  by 
magnetic  circular  diochroism. 

RESULTS  AND  DISCUSSION 

Control  over  the  magnetic  properties 

Figure  1 shows  a cross-sectional  image  of  a sapphire 
wafer  implanted  with  8 x 1016  ions/cm2  Co+  at  room 


100  nm 


Fig.  1 . Cross  sectional  TEM 
image  if  the  Co  nanocrystals 
in  ALOj.  An  electron 


diffraction  pattern  is  shown  in 
the  inset. 
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temperature  and  subsequently  annealed  for  two  hours  at 
1 100°C  followed  by  a rapid  cool-down.  The  resulting 
nanocrystals  extend  to  a depth  of  -120  nm  in  the  host 
sapphire.  The  nanoparticles  are  either  rounded  or  faceted, 
depending  on  their  depth  below  the  surface.  This  depth 
dependence  of  the  precipitate  morphology  is  discussed  in 
more  detail  in  a TEM  investigation  in  an  accompanying 
paper  in  this  volume  [6].  The  precipitates  are 
crystallographically  aligned  with  the  sapphire,  as 
demonstrated  by  the  double-diffraction  spots  in  the 
electron  diffraction  pattern  in  Fig.  1 . X-ray  diffraction 
results  (not  shown  here)  showed  that  both  the  hexagonal 
and  cubic  phases  of  cobalt  are  present  in  roughly  equal 
amounts. 

Magnetic  hysteresis  measurements  for  this 
specimen  are  shown  in  Figure  2.  These  data,  obtained  by 
SQUID  magnetometry,  were  corrected  to  eliminate  the 
effect  of  the  diamagnetic  sapphire  host.  The  coercivity  of 
the  Co  nanoparticles  for  an  applied  field  perpendicular  to 
the  specimen  surface  is  approximately  150  G and  the 
saturation  moment  is  -2.3  x 104  G/cm3.  These  values  are 
slightly  lower  when  the  field  is  applied  parallel  to  the 
specimen  surface.  After  implantation  with  320  keV  Pt+  to 
a fluence  of  6.4  x 1015  ions/cm2,  the  field-perpendicular 
hysteresis  loop  broadened  considerably  (Fig.  3).  The 
saturation  magnetization  decreased  to  -2.0  x 104  G/cm3, 
but  the  coercivity  increased  from  1 50  G to  1 . 1 4 kG.  A 
TEM  investigation  of  this  specimen  [6],  shows  that  Pt 
irradiation  amorphizes  the  host  sapphire,  but  that  the  Co 
precipitates  remain  crystalline  and  do  not  lose  their 
original  crystallographic  alignment. 

In  Figure  4,  we  compare  the  effects  of  244  keV 
Xe  and  320  keV  Pt  irradiation  on  the  field-perpendicular 
coercivity  of  the  Co  nanoclusters  for  varying  ion  doses. 
For  the  Xe  irradiation,  the  coercivity  of  the  Co-sapphire 
nanocomposite  increases  rapidly  at  first,  but  then  levels 
off  at  -500  G.  For  the  Pt-irradiated  sample,  the  coercivity 
saturates  at  -1.2  kG. 

There  are  several  possible  reasons  for  the 
magnetic  hardening  observed  with  increasing  radiation 
dose.  First,  defects  and  defect  clusters  may  pin  the 
magnetization  of  the  particles,  as  has  been  observed  in 
magnetic  thin  film  materials  [e.g.,  Ref.  7],  This  pinning 
effect  could  inhibit  the  reorientation  of  the  magnetization, 
thereby  increasing  the  coercive  field.  Radiation-damage 
investigations  show  damage  saturation  at  some  level  that 
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Fig.  2.  Magnetic  hysteresis 
measurements  for  magnetic  field 
parallel  or  perpendicular  to  the 
plane  of  Co  precipitates. 
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Fig.  3.  Same  as  Fig.  2,  after  a 
subsequent  implantation  Pt  to  a 
fluence  of  6.4  x 1 015  ions/cm  . 
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Fig.  4.  MCD  measurements  of  the 
coercive  field  as  a function  of  dose 
for  the  AFOj-Co  specimen 
implanted  with  Xe  or  Pt. 
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depends  on  the  kinetics  of  defect  production  and  recombination  [c.g..  Ref.  8].  This  saturation 
may  be  reflected  in  the  “leveling  off'  of  the  coercive  field  at  high  ion  doses.  An  additional  factor 
may  be  due  to  the  amorphization  of  the  host  sapphire.  Sapphire  undergoes  a volume  expansion 
during  the  crystalline-amorphous  transition,  which  may  place  the  precipitates  under  a directional 
stress.  Wc  have  found  that  specimens  irradiated  at  100  °C  to  high  doses  with  Pb.  as  opposed  to 
the  RT  implants  done  here,  show  little  increase  in  the  coercivity  and  the  AfOi  is  not  amorphized. 
The  atomic-scale  processes  responsible  for  the  large  increase  in  the  coercivity  of  the  Pt-irradiatc 
specimens,  as  compared  to  the  Xe-irradiated  case,  is  still  under  investigation.  If  the  injected  Pt 
reacts  with  the  Co,  atomic-scale  domains  of  a CoPt  alloy  - a magnetic  material  with  high 
coercivity  - may  exist  within  the  nanocrystals. 

These  results  suggest  means  by  which  the  magnetic  properties  of  ferromagnetic 
nanocomposites  produced  by  ion  implantation  can  be  precisely  controlled,  and  hard  magnetic 
materials  with  high  coercivities  can  be  readily  obtained.  It  is  possible  to  create  a Co-nanocluster 
composite  whose  magnetic  coercivity,  for  example,  can  be  tailored  between  1 50  and  1 . 1 20  G. 

Wc  also  have  found  that  even  higher  coercivities  can  be  obtained  by  annealing  to  form  CoPt 
alloy  particles. 

Fine  spatial  control  of  the  magnetic  properties 

One  of  the  outstanding  drawbacks  of  the  ion  implantation  technique  is  the  lack  of 
adequate  spatial  control  over  the  nanoparticlc  location.  Focused  ion  beams  have  sonic  promise 
for  patterning  with  “manufacturer-claimed”  beam  diameters  of  < 10  nm  at  the  specimen  surface. 
Focused  ion  beam  devices  currently  available,  however,  have  been  developed  mainly  as  cutting 
or  thinning  tools  and  are  very  limited  in  both  source  type  (mainly  Ga)  and  energy  range  (<  35 
kV).  At  this  low  energy,  sputtering  processes  dominate  [1],  An  alternate  method  that  is 
currently  being  explored  is  the  patterning  of  implanted  materials  through  lithographic  masking. 
This  is  a method  that  has  been  extensively  used  in  the  microelectronics  industry  for  spatial 
selection  of  regions  to  be  doped  using  ion  implantation  [9],  and  it  has  recently  been  applied  to 
the  patterning  of  the  magnetic  properties  of  Co/Pi  magnetic  multilayers  through  ion  irradiation 
[101. 

For  these  initial  investigations,  fused  SiCB  was  selected  as  the  host  and  Fe  as  the  implant 
material.  Fc  was  selected  because  the  microstructural  properties  of  implanted  Fc  have  been  well 
studied  fe.g.,  4,1 1,12].  Additionally,  our  work  on  Co  precipitates  shows  that  the  nanoparticlcs 
have  different  crystal  structures,  complicating  the  interpretation  of  the  magnetic  results.  The  first 
step  in  the  masking/implanting  procedure  is  to  create  a patterned  mask  on  top  of  the  host  material 
(SiOi).  The  masking  material  must  have  a high  stopping  power,  adhere  well  to  the  substrate,  be 
easily  removed  from  the  substrate  after  implantation,  and  have  low  sputtering  yield.  It  must  also 
withstand  high-dose  ion  implantation  without  significant  physical  degradation.  Based  on  these 
requirements,  we  grew  sputter-deposited  films  of  Cr  and  Mo  directly  on  the  SiOi  wafers  (Fig.  5). 
In  general,  the  Cr  films  oxidized  quickly  and  gave  less  consistent  lithographic  patterns.  Standard 
deep  UV  lithography  was  used  to  transfer  the  pattern  from  a specially  designed  mask  with 
features  ranging  from  10.0  to  0.5  microns,  followed  by  wet  chemical  etching  and  removal  of 
photoresist. 

The  masked  substrates  were  then  implanted  with  80  kcV  Fc+  to  flucnccs  of  either 
1 .5x1 017  ions/cm2  or  5xlOlh  ions/cm2.  Scanning  electron  microscopy  (SEM)  images  of  a 
representative  mask  before  and  after  implantation  arc  shown  in  Figs.  6 and  7.  The  implantation 


334 


sizes  range  from  almost  10  um  to 
less  than  1 um  across. 


Fig.  6.  A 380-nm-thick  Mo  mask  on 
Si02.  The  hole-bottoms  contain 
residual  material. 


Fig.  7.  The  same  mask  as  in  in  Fi 
6,  after  implantation  with  5 x 101 
ions/cnr  Fe+  at  80  keV.  Compared 
to  Fig.  6,  the  hole  bottoms  are 
cleaner. 


process  had  little  obvious  impact  on  the  mask.  In  fact, 
mask  sputtering  tends  to  clean  the  bottoms  of  holes  in  the 
mask  that  were  incompletely  etched  before  implantation. 
The  overall  structure  of  the  mask,  however,  remains 
intact.  This  ion-cleaning  cleaning  effect  is  illustrated  in 
Figure  7,  where  there  is  relatively  little  residual  material 
in  the  mask  holes. 

Optical  microscopy  of  the  Fe  implanted  samples  was 
done  after  chemical  removal  of  the  mask  (Fig.  7).  The 
features  transferred  quite  well  and  are  readily  apparent 
under  standard  viewing  conditions.  Current  experiments 
using  oil  immersion  optical  microscopy  show  that  even 
the  0.5-micron  structures  are  well  preserved  in  the 
implanted  SiCL  wafer.  We  are  currently  investigating  the 
optimal  thermal  processing  parameters  to  produce 
“digital  block  arrays”  of  Fe  nanocrystals.  Magnetic  and 
magneto-optic  investigations  of  the  patterned  specimens 
are  ongoing. 

These  initial  results  show  that  the  combination  of  ion 
implantation  and  lithographic  masking  has  promise  for 
extending  experimental  control  into  the  sub-micron 
spatial  domain.  Patterning  at  smaller  scales,  however, 
will  present  special  challenges.  Other  forms  of 
lithography  will  be  needed  to  create  features  smaller  than 
0.5  microns  in  diameter,  and  anisotropic  etching 
techniques  will  have  to  be  employed  to  improve  the 
aspect  ratio  of  the  mask  hole  walls.  Also,  the  mask 
thickness  will  have  to  be  reduced.  Ion-beam  scattering 
effects  (both  within  the  mask  and  within  the  host 
material)  may  become  a technical  problem  at  the  smallest 
feature  sizes.  Nevertheless,  these  initial  results  are 
encouraging,  and  if  the  associated  materials-related 
challenges  can  be  met,  it  may  be  possible  to  create 
patterned  arrays  of  single  embedded  nanoparticles  with 
controlled  size  and  shape. 

CONCLUSIONS 

Two  main  goals  of  our  work  on  ferromagnetic 
nanocluster  composites  are  to  obtain  fine-scale  control 
over  the  magnetic  properties,  and  to  achieve  sub-micron 
spatial  control  over  the  location  of  these  properties. 
Progress  toward  achieving  these  goals  has  been  made  in 
the  work  presented  here,  although  considerable  materials- 
characterization  and  theoretical  work  on  the  magnetic 
properties  remains  to  be  done.  Extensive  future  and 
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ongoing  work  will  be  required  to  fine-tune  both 
the  spatial  and  magnetic  control  aspects  of  the 
research  in  order  to  obtain  implantation- 
produced  nanocomposites  that  can  meet  the 
requirements  of  specific  device-related 
applications. 
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Fig.  8.  Optical  image  of  a specimen 
implanted  with  1.5  x 1017  ions/cm2  of  Fe. 
The  mask  has  been  removed  and  the  bright 
regions  correspond  to  the  implanted  area. 
The  edge  length  of  the  large  squares  is  12 
uni. 
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